In a Lao. 75 Cao. 25 Mn0 3 /Mg0 film without quenched disorder, we show insulating and metallic stripes above and below the Curie temperature (T c), respectively, by a high-resolution scanning tunneling microscopy (STM) and/or spectroscopy measurement. Formation of these stripes involves competing charge, orbital, and lattice orders and is an outcome of an overlapping of electron wave functions mediated by the lattice strain. The presence of the quadmpolar contribution in the second-harmonic generation experiments supports the strain mediated charge-orbital stripes observed by STM.
Stripes in manganites, 1 like in nicke1ites, 2 were known to comprise of ordered polarons. As the coupling of the electron to the lattice was shown to be weak, recent experiments suggest a charge-density-wave-type modulation in manganites, instead. 3 In colossal magnetoresistant 4 (CMR) manganites, of the form La 1 _,Ca,Mn0 3 (0.2~x~0.33), the localizing effect of the charge due to the Coulomb repulsion and the Jahn-Teller (JT) effect at the Mn site results in polarons. 5 • 6 Accommodation of the JT distortions through a relaxation of strain in the presence 7 or absence 8 of a disorder at the A site is known to inHuence the transport properties including metal-insulator transition (MIT) temperature and CMR. 7 Consequently, the phase coexistence and the percolative mechanism of the MIT and CMR (Ref. 9) are also associated with the structural distortions.
The nature of the charge modulation and its relationship to the structure and other order parameters is a topic of continuous debate. 1 • 3 Recently, it was shown that the JT distortions can periodically modulate resulting in a charge-orbital density wave. 3 • 10 • 11 In this Brief Report, we show stripes resembling charge-density wave originating from the intrinsic lattice strain on a La~Ca cation-ordered, rhombohedral superstructure Lao. 75 Cao. 25 Mn0 3 (LCMO) film grown strain-free on MgO (lOO) substrate.
Epitaxial LCMO film with a La and Ca ordering was grown by metal-organic aerosol deposition technique. 12 Scanning tunneling microscopy (STM) and scanning tunneling spectroscopy (STS) were performed at a base pressure of ~(I -5) X w-10 torr. The film was aligned such that one of the crystallographic axes matched the fast scanning direction-from left to right in all micrographs. The Jilm was loaded into the vacuum chamber after it was cleaned with isopropanol solution. Mechanically cut Pt-Ir tips were used to get high-resolution images in the constant current mode (l=O.l-0.3 nA) with a tip bias ranging from 0.35 to 0.7 V. At room and low temperatures, high-resolution images, within an area of 50 X 50 A 2 , were obtained on terraces of . It must be noted that the low-temperature stripes are not directly related to the room-temperature stripes due to the thermal drift associated with disengaging and reengaging of the tip but are related to the same tetrace. Since stripe features were also observed in other regions on the film and at different temperatures, we consider it to be representative of the temperature effect. Further, tip-sample interactions arf, evident from the high-resolution micrographs, which could be responsible for pronounced corrugations [ Fig. 1 (a) ] and instability of these stripes.
Criteria for obtaining the atomic resolution by tunneling experiments in manganites were recently expounded based on the reduced screening of the charge due to defect-induced confinement-a trapped polaron. 13 In hole-doped manganites, it is wen known from x-ray scattering experiments that the number of such quasiparticles detectable, in general, is very small. 14 This further augments the difficulties in obtaining atomic resolution by tunneling experiments on manganites. 13 • 15 • 16 Apart from point defects 14 and a strong JT-induced charge localization, 15 • 16 strain effects have great influence on order parameters and are i11ustratcd to yield ex~ otic new phases in manganites.
•
18 Atomic scale theory con· sidering lattice deformations, indeed, postulates coupled electronic and elastic textures. 8 In doped manganites, the stmctural distortions (JT type) are accommodated, and the JT-induced strain is annealed out by cooperative tilting and rotations of octahedra. However, a lack of such cooperativity, locally, perhaps around defects, reduces the screening of the charge within nanometer regions, enhancing the possibility of atomic resolution.
Polarization of the charge leading to stripes in manganites was shown to be induced by the strain field that determines the nature of over1apping electron wave functionsquadrupolar charactet: 19 The direction of the stripe formation was realized by the term Cu-C 12 -C 44 (where Cij is the elastic moduli). A diagonal charge-orbital modulation was associated with the values less than zero, while for values greater than zero, bond-type charge-orbital modulations were suggested; the cross over for optimally doped manganites appears to be related to MIT. 2° Clearly, the shear (C 44 ) and uniaxial (Cu) deformations play a role in the stripe formation. Apatt from JT-type distortions, the distortions of the Mn-0 network are also affected by the atomic displacements caused by the ordering of the dissimilar La and Ca cations. In the LCMO film, checkercd-board arrangement of uniaxially dilated La and compressed Ca unit cells can be deciphered from the cross-sectional high-resolution transmission electron microscopy (HRTEM) images. 12 The unique ordering generates uniaxially strained (e 1 ), shear (e 2 ), and "shuffle" . Taking into account the orientation of the Mn lattice, from the HRTEM measurements, 12 the lattice-strainmediated theory discussed above provides rationale for the charge-orbital density-wave features observed along the bond direction [ Fig. 2(b) ]. The appearance of charge stripes at room temperature with two different corrugations (big and small) and without any apparent lattice, as shown in Figs . . I(c) and I (d), could also be related to the weak charge-lattice coupling. Accounting incommensurate periodicity of ~5.8 A is nontrivial, and an explanation necessitates structural distortions involving two Mn octahedra-a Peierls-type distortion-as shown in Fig. 2(c) . Given that these stripes in the LCMO film result from a quasiorganization of structural distortions directed by longrange cation ordering, STS offers a better understanding of the intricacy of competing charge and orbital orders within the nanoscale stripes. The difference in the screening of the charge carrier reflects in the tunneling conductance of the stripe phase. The tunneling current-voltage characteristic (Fig. 3) on the bond stripes reveals a metallic behavior (red curve) distinct from the diagonal sttipes, which appear insulatorlike (green curve). Therefme, the room-temperature diagonal stripes, with a depletion (dlldVv~o=O) near the Fermi level (inset of Fig. 3 ), are associated with greater structural distortions. In the bond stripe, the linear part of the I-V curve, which mirrors the "Drude" part to the conductivity, 15 appears to be less than 0.2 V. Hence, the onset of nonlinear /-V characteristics at lower voltages could be due to a dominant polaronic nature of the conductance. The I-V curve of the bond stripes (red curve) and that averaged over a relatively larger area of 500 X 500 mn 2 , where stripes were observed, showed similar characteristics. This implies that the charge fluctuation within the stripes 23 is similar to that in the bulk, ruling out electronic phase separation with two different conductivities. Besides, metallicity and bond stripe entail charge delocalization and orbital ordering. 19 • 6 The fact that the observed stripes are a consequence of quadrupolar characteristics related to the strain can be additionally supported by second-harmonic generation (SHG) experiments. 24 In Fig. 4 , the SHG field ESHa(TJ-ls 11 a 112 , ( ls 11 a is the intensity of SHG signal) in the p-p geometry 24 correlates to the quadrate of the magnetization (open circles), quantum interference device (SQUID) measurements. 12 However, it should be noted that the discrepancy between the fit and the actual SHG data near T c is due to the changes in the optical constants of the substrate and not related to the samp!e. 24 Thus, the quadratic dependence of the Es 11 a(T) and almost no magnetic-field dependence, Es 11 a(M), in the p-p geometry (inset Fig. 4 ) evidence the dominance of the quadrupole contribution. The observation of a strong quadrupolar effect by SHG experiments strengthens the argument proposed for stripe features. Thus, the combined STM and SHG experiments imply a possible orbital ordering within the ferromagnetic phase likely due to the cation order. As regard to stripes, it can be understood to arise from the local strain; which modulates the structural dist011ions and thereby the orbital. The electron itinerancy in the limit of weak chargelattice coupling could be due to reduced dimensionality of charge-orbital stripe structure. 10 • 11 • 25 Thus, the observed charge-density modulation below T, can be labeled as ferroquadrupolar (orbital) stripes. Further, the nature of the structural distortion, with it the orbital ordering, might be undergoing a change above Tc due to the change associated with the strain component. 24 • 26 Therefore, these strain-induced stripes provide rationale for the complex structure-property relationship brought out by the propensity of manganites toward new phases such as a polaron liquid like correlation and metallicity. 25 • 6 
